Updated information and services can be found at: Mutant strains of Pseudomonas putida PP3 capable of utilizing monochloroacetate (MCA) and dichloroacetate (DCA) as the sole sources of carbon and energy were isolated from chemostat cultures. The mutants differed from the parent strain in that they could grow on products of MCA and DCA dehalogenation (catalyzed by inducible dehalogenases I and II) and were resistant to growth inhibition by the two substrates. The growth inhibition of strain PP3 by MCA, DCA, and other halogenated alkanoic acids was studied. Sensitivity to dehalogenase substrates was related to the expression of the dehalogenase genes. For example, mutants producing elevated levels of one or both of the dehalogenases were sensitive to 2-monochloropropionate and 2-monochlorobutanoate at concentrations which did not affect the growth of strain PP3. P. putida PP1, the parent of strain PP3, was resistant to the inhibitory effects of MCA and DCA. Spontaneous mutants of strain PP3, also resistant to MCA and DCA, were selected at high frequency, and four different classes of these strains were distinguished on the basis of dehalogenase phenotype. All dehalogenase-producing mutants were inducible; no constitutive mutant has yet been isolated. Most of the resistant mutants examined did not produce one or both of the dehalogenases, and over half of those tested failed to revert back to the parental (strain PP3) phenotype, indicating that the observed mutations involved high-frequency deletion of DNA base sequences affecting expression of genes encoding dehalogenases and associated permease(s).
Pseudomonas putida PP3 can utili7 2-monochloropropionate (2MCPA), 2-monobromopropionate (2MBPA), and 2,2-dichloropropionate (22DCPA) as sole carbon and energy sources as a result of the induction of two dehalogenase enzymes by these substrates (20, 22) . These enzymes differ from each other with regard to their substrate specificities, molecular weights, and other physical properties (22, 23) but are coinduced by a variety of halogenated compounds (20; A. J. Weightman, Ph.D. thesis, University of Warwick, England, 1981) . Monochloroacetate (MCA), dichloroacetate (DCA), and 2-monochlorobutanoate (2MCBA) are all inducing substrates of dehalogenases I and II. Dehalogenase activity against MCA in fully induced cell extracts of strain PP3 is divided almost equally between the two dehalogenases, whereas 90% of activity with DCA is associated with dehalogenase I, and 2MCBA activity is associated almost entirely with dehalogenase II (22; Weightman, Ph.D. thesis). MCA, DCA, and 2MCBA, despite inducing dehalogenase levels commensurate with good growth on these substrates, cannot be utilized as sole carbon and energy sources by strain PP3 (20, 21) . Both dehalogenases catalyze the hydrolytic cleavage of 2-haloalkanoates and 2,2-dihaloalkanoates to form 2-hydroxyalkanoates and 2-ketoalkanoates, respectively. The dehalogenated products (lactate and pyruvate, respectively, in the cases of 2MCPA and 22DCPA) can be channeled into central metabolism. Growth on halogenated acetates has been described for several different soil microorganisms (7, 0, 11, 15) , although toxicity of substrates other than monofluoroacetate to dehalogenase-producing organisms was not reported in these papers. A Rhizobium species isolated by Berry et al. (3) produced high levels of dehalogenase activity against MCA in cell extracts after induction with 22DCPA, but MCA was not a growth substrate for the organism, presumably because it did not induce the dehalogenases.
To date, no study has considered the genetics of dehalogenase expression in P. putida PP3 or the other dehalogenase-producing organisms described by Goldman and his colleagues (7) (8) (9) and by Little and Williams (15) . Kawasaki et al. isolated a monofluoroacetate-utilizing strain of Moraxella sp. containing two dehalogenases, both of which were reported to be plasmid encoded (11, 13) . The two enzymes are apparently coded by genes which are under separate regulatory control. One is inducible by monofluoroacetate, and the other is constitutive; the constitutive enzyme was purified (12) . Good evidence for the presence of large (100-to 200-megadalton) plasmids encoding dehalogenases in a variety of soil microorganisms has been obtained in our laboratory (D. J. Hardman, P. C. Gowland, and J. H. Slater, Appl. Environ. Microbiol., in press).
Substrate toxicity has been recognized as one barrier to the utilization of some dehalogenase substrates as growth substrates by P. putida PP3 (20, 21) . The aim of the present study was to examine the relationship between the toxicity of some haloalkanoates and dehalogenase gene expression and to characterize mutant strains derived from strain PP3 which differ phenotypically in regulation or expression, or both, of genes encoding dehalogenases and associated functions.
MATERIALS AND METHODS
Isolation, maintenance, and growth of bacteria. P. putida strains PP1 and PP3 were isolated from a microbial community grown on the herbicide 2,2-dichloropropionate (22DCPA) (19) . Parent and mutant strains were grown in defined medium consisting of a basic mineral salts medium previously described (19) supplemented with a carbon source as appropriate. Strain PP309, a mutant of PP3 which synthesizes elevated levels of dehalogenase I, was isolated from a chemostat culture after 6 months of continuous-flow culture on 2MCPA and 2MCBA as growth-limiting carbon sources (21) . Strain PP3(R68.44) was a transconjugant isolated from a membrane mnating between auxotrophic donor Pseudomonas aeruginosa PAC174(R68.44) and the recipient P. putida PP3. It was maintained after purification in a 2MCPA-limited chemostat culture. The chromosome-mobilizing ability of the plasmid was rapidly lost in this system, although the plasmid was maintained in the population throughout the period of continuous-flow culture (Weightman, Ph.D. thesis).
Mutant strains of P. putida resistant to growth inhibition by chlorinated acetates were isolated from overnight closed cultures of P. putida PP3 grown on either succinate or 2MCPA which were plated at appropriate dilutions onto solid medium containing succinate (0.5 g of carbon liter-', 10.4 mM) and either DCA or MCA (1.0 to 2.0 g of carbon liter-', 42 to 83 mM). The mutants obtained were maintained on succinate-defined medium (0.5 g of carbon liter-1) after purification.
The method of Ornston et al. (16) was used to obtain mutant strains of P. putida PP3 unable to grow on 2MCPA. Mutants were enriched by growing P. putida PP3 overnight in 10 ml of defined medium with lactate (0.5 g of carbon liter-1) as the sole carbon and energy source, harvesting the cells and washing them aseptically in 10 ml of sterile basic mineral salts medium, and then inoculating the cell suspension into 10 ml of defined medium containing 2MCPA (0.5 g of carbon liter-1) as the sole carbon and energy source. The culture was incubated with shaking for 2 h at 30°C (until the onset of growth), and then the antibiotics cycloserine and penicillin G were added to final concentrations of 0.1 mg ml-' and 10,000 U ml-', respectively. The culture was incubated with shaking at 30°C for another 5 h, during which time lysis of growing organisms was observed. The culture was then harvested and washed in 10 ml of basic mineral salts medium, suspended in sterile glass-distilled water, and shaken vigorously for 20 min to effect further lysis. To complete the cycle, 0.1 ml of the lysed cell suspension was inoculated into 10 ml of lactate-defined medium to grow overnight. After three cycles, the culture was spread plated at an appropriate dilution onto solid defined mnedium containing both succinate (0. It was found that the extent of inhibition of P. putida strains by bromoalkanoates varied according to the structure and concentration of inhibitor and the dehalogenase phenotype of the strain under investigation. The most powerful inhibitor tested was monobromoacetate (MBA), which inhibited growth of succinate-utilizing (dehalogenase not induced) and 2MCPA-utilizing (dehalogenase induced) cultures of strain PP3 ( Fig. 2A) . In both cases, inhibition occurred instantaneously even at the lowest concentration of MBA that was tested (about 4 mM). P. putida PP1, the parent of strain PP3 which produced extremely low levels of dehalogenase activity (20) into the medium reservoir, and the flow rate was adjusted so that the concentration of MCA in the culture vessel did not increase to inhibitory levels. Under these conditions, MCA induced dehalogenase activity in strain PP3011. Subsequently, the MCA concentration in the growth medium reservoir was increased to 0.5 g of carbon liter-1, and simultaneously, the glycolate concentration was decreased until there was none left, and a steady-state culture was established which utilized MCA as the sole carbon and energy source. In this way the chemostat was used to select a population of MCA-utilizing organisms which were subsequently isolated from the chemostat culture on solid defined medium containing MCA at 0.5 g of carbon liter-. The dehalogenase activity of one MCA-utilizing mutant, strain PP3012, was measured in both continuous-flow and closed cultures ( Table 4 ). The lower dehalogenase specific activities observed in closed cultures growing on MCA compared with those measured in chemostat culture were consistent with previously reported results (20, 21) . In both types of culture, dehalogenase I and II were inducible since no significant activity was detected in succinate-grown cultures of strain PP3012.
Isolation of mutants utilizing DCA as the sole carbon and energy source. An MCA-limited steady-state culture of strain PP3012 was established in the chemostat (D = 0.075 h-1), and a method similar to that outlined above was used to select for DCA-utilizing mutants. The DCA concentration in the medium reservoir was gradually increased and the MCA concentration was decreased until a steady-state culture utilizing DCA as the sole carbon and energy source was obtained (Table 4) .
During 750 h of continuous-flow culture on DCA at a dilution rate of 0.075 h-1, the observed biomass concentration remained low compared with values obtained in closed cultures inoculated from the chemostat and utilizing glyoxylate at an equivalent carbon concentration (0.2 g of carbon liter-'). In addition, chloride ion release into the culture medium indicated that only 60% of the organically bound chlorine was mineralized, and so the steady-state culture contained a relatively high concentration of DCA. Growth of organisms taken from the culture and inoculated into Succinate ( liter-') + MCA (1.5 g of C liter-') a>1,000 DCA' mutants and >250 MCA' mutants were tested on solid defined medium containing 2MCPA. liquidmedium containing DCA (0.2 to 0.5 g of carbon liter-1) was very slow, and final biomass yields were low.However, because strain PP3012 failed to produce any growth on medium containing DCA, it was concluded that a DCA-utilizing mutant, designated strain PP3013, had been selected in the chemostat culture. At dilution rates below 0.05 h-1 and above 0.10 h-1, washout of the DCA-utilizing culture occurred, indicating that the mutant designated PP3013 was poorly adapted for growth on DCA.
Dehalogenases I and II were detected in samples taken from the chemostat culture, although assays indicated induction of relatively low specific activities ( Table 4) . As with PP3012, dehalogenase activity in the DCA-utilizing strain was inducible.
DISCUSSION
The growth inhibition of P. putida PP3 and related strains described in this paper was a direct effect of the halogenated alkanoates under investigation and probably resulted from the intracellular accumulation of inhibitory concentrations which, we suggest, was regulated by dehalogenase activities. This conclusion is supported by two observations. First, growth inhibition was shown not to be associated with catabolism of haloalkanoate dehalogenation products; nor was it due to a generalized pH effect. Second, the MICs of haloalkanoates for P. putida PP3 and other strains investigated in this study were found to vary widely depending on the levels of dehalogenase induced. Thus, strain PP1, the In PP4120 mutants the resistance phenotype is associated with extremely low growth rates on 2MCPA. The only satisfactory explanation for this phenotype, in view of the finding that PP4120 and PP412 mutants express similar dehalogenase-specific activities when induced with 2MCPA, is that PP4120 mutants cannot transport the substrate at a rate commensurate with good growth and that they are, therefore, permease mutants.
The utilization of MCA and DCA as carbon and energy sources required several mutations in strain PP3. Our observation that glycolate-utilizing mutants were not isolated directly from strain PP3 but only from glyoxylate utilizers could be explained if the catabolism of both substrates proceeded via the tartonic semialdehyde pathway (6) by which glycolate is first converted by dehydrogenation to glyoxylate and then to malate via several intermediates. The inability of glyoxylate-utilizing mutants of strain PP3 to utilize glycolate as the sole carbon and energy source indicated that at least two mutations were required to produce the PP301 phenotype. MCA-and MCA-DCA-utilizing strains, PP3012 and PP3013, respectively, were resistant to growth inhibition by MCA and DCA when growing on succinate. In this respect, these strains were phenotypically similar to PP42 mutants, inducing both dehalogenase I and II. The low growth yield and slow growth of strain PP3013 on DCA compared with growth of the mutant on glyoxylate (the dehalogenated product) indicated that inhibition by the substrate was not fully overcome despite prolonged continuous-flow culture of strain PP3013 with DCA as the growthlimiting substrate.
An important finding in this work is that most of the dehalogenase-negative mutants (PP40 and PP5) did not revert at detectable frequencies to reacquire the ability to utilize 2MCPA-22DCPA as a growth substrate. These mutants were selected at high frequencies (about 10-4), strongly suggesting that their mutations involved deletions of DNA associated with genes encoding enzymes of the dehalogenase system in strain PP3. Thus, the genes may have either been lost or become cryptic. High deletion frequencies could be explained if transposable genetic elements are involved in dehalogenase gene regulation or, indeed, if dehalogenases and associated functions are encoded by transposons. However, there is no direct evidence for dehalogenase transposons. Alternatively, there is the possibility that the genes are carried on a plasmid. In the case of P. putida PP3, we have no indication that dehalogenase genes are plasmid borne. Plasmid DNA has never been detected in this strain, despite the use of several techniques designed to isolate large and unstable plasmids (J. R. Beeching, P. C. Gowland, and J. H. Slater, unpublished observations), nor can dehalogenase activity be transferred directly from strain PP3 to other pseudomonads.
The mutants described in this paper enabled us to examine different elements of the dehalogenase system of strain PP3 for the first time and presented some important questions with respect to the evolution of this organism in the microbial community from which it was isolated. For example, does instability of the dehalogenase system reflect the way in which strain PP1 mutated to produce strain PP3? The isolation of mutants which do not express either one or the other of the dehalogenase genes (PP411 and PP412) but which are still able to grow on 2MCPA demonstrates that both dehalogenase enzymes are not necessarily required for selection of this phenotype. Yet selection of strain PP3 as a mutant of strain PP1 in continuous-flow culture produced a strain which coordinately induces two mechanistically unrelated (and, therefore, probably evolutionarily unrelated) enzymes (5, 19, 23) .
Furthermore, the significance in the biosphere of a mutation which, on the one hand, allows utilization of novel substrates for growth, but which also makes the strain susceptible to inhibition by related substrates, is difficult to determine. The results from this study do, however, illustrate some important points with regard to the selection of mutant strains capable of utilizing novel substrates. Four factors have now been recognized that determine the utilization by strain PP3 of dehalogenase substrates as the sole carbon and energy sources: (i) toxicity of the substrate; (ii) presence of catabolic pathways for the dissimilation of dehalogenated products; (iii) induction of dehalogenase and permease at levels allowing growth but not resulting in the accumulation of inhibitory concentrations; and (iv) activity of either one or both enzymes at rates commensurate with growth on the substrate.
